A B S T R A C T Two grey collie dogs had regular cyclic fluctuations in the number of all formed elements of the blood. The period lengths for all elements for an individual dog were the same, but the pattern of fluctuation for each element was distinctive. Normal dogs lacked periodic fluctuations.
INTRODUCTION
Collie dogs with a distinctive grey coat color have cyclic neutropenia. At about 12-day intervals, they become severely neutropenic and frequently have fever, anorexia, and serious, often fatal, infections. Because the clinical and hematologic features of grey collie and human cyclic neutropenia are so similar, these dogs provide a suitable model for investigation of this disorder (1, 2) .
The etiology of cyclic neutropenia is not known. One possible mechanism is that it occurs as an exaggeration of the normal fluctuation of blood neutrophil (PMN)1 counts (3) . According to this hypothesis, the number of circulating PMN is stabilized by two negative feedback control loops, one regulating production and the other regulating the release of mature PMN from the bone marrow reserve. The feedback loop regulating production has a response time of 7-12 days; hence, if blood PMN were regulated by this loop alone, large oscillations in blood PMN counts would occur. Normally, PMN can be rapidly released from the large marrow PMN reserve and the controlled release of these cells tends to damp the natural oscillations in PMN production. Cyclic neutropenia results if the damping mechanism fails or the marrow PMN reserve is moderately decreased by a mild failure of PMN production (4) (5) (6) . Other mechanisms of cyclic neutropenia have been suggested, such as an effect of the cyclic hormonal fluctuations in the menstrual cycle (7), a steroid hormone imbalance (8) , splenic dysfunction (8, 9) , and a process leading to intermittent maturational failure (10) . Recent studies of PMN production and the half-life of blood PMN (11, 12) as. well as serial marrow morphologic examination (9) (10) (11) indicate that cyclic neutropenia is more likely due to periodic interruptions of PMN production.
In the course of our studies of cyclic neutropenia in grey collie dogs, we have observed that not only the number of blood PMN but also the number of circulating monocytes, lymphocytes, eosinophils, reticulocytes, and platelets fluctuate cyclically. The pattern of fluctuation for each element is distinctive, although the cycle length for each is essentially the same. These observations suggest that the periodic failure of PMN production is part of a basic hematopoietic regulatory defect which probably affects cell production at the pluripotential stem-cell level.
METHODS
Dogs. Two grey collies (one male, aged 3 months and one female, aged 1 yr) and two normal collies (one male, aged 3 months and one female, aged 4 months) with no First, in order to obtain a series of values equally spaced in time, the occasional gaps which occurred in the sets of observations (3-9o of the total observations for the various series) were filled in by linear interpolation. Next, the cell counts of zero were changed to ones and then all counts were converted to logarithms so that cell count distributions would tend to be symmetrical around the mean and, hence, could be considered approximately normally distributed (zero counts constituted less than 2% of all PMN and monocyte counts and 8-30%o of all reticulocyte and eosinophil counts). The logged data were then centered at zero. Finally, because trends and fluctuations with periods of greater than about 60 days would seriously hamper the detection of periods of 50 days or less, the data were then smoothed with a fourth-degree polynomial to remove such trends.
After this preliminary centering and smoothing, the Schuster periodogram (18) was calculated in order to detect periodicity in the data. Roughly speaking, the ordinate of the periodogram shows the amount of variability that oscillations of each period length contribute to the total variability. The significance of the largest peak of the periodogram was determined by the Fisher statistic (g), which is the ratio of the height of this peak to the area between the periodogram and the horizontal axis (19) . In those animals where the periodogram showed significant periodicity in each of the cell types, the corresponding period lengths were averaged and the integer nearest to the average was taken to be the period common to all cell types. The coefficients of the trigonometric regression function for each cell type were then estimated by Fourier analysis (20) . The regression functions were then subtracted from the smoothed data leaving what was assumed to be a stationary time series.
The hypothesis that the time series in question is a firstorder autoregression, that is, that each daily count depends on the previous day's count, plus some independent random variable, was then tested using Quenouille's procedure (21) .
In the latter test, autoregressive processes up to order 21 were considered as alternatives (i.e., the degrees of freedom equal 20). A first-order autoregression can be expressed as xt= pxt-+ et, -1 _p_ 1, where xt is the tth smoothed log count from which the periodic component has been removed; et is an independent normal random variable and p is the correlation between xt and xt-i.
RESULTS
Serial leukocyte, platelet, and reticulocyte counts were made in each of two grey collies for the intervals of time shown in ran Ri WBC and differential counts and reticulocyte counts were made for intervals ranging from 96 to 124 consecutive days (Table I) . Fig. 1 shows the daily counts of PMN, eosinophils, monocytes, lymphocytes, platelets, and reticulocytes for grey collie 12 during the entire period of study. There were similar findings in grey collie 2 and also in the other grey collies previously studied. Certain features of the individual curves and their interrelationships are noteworthy. For the PMN, after the recovery from neutropenia, there is usually a transient period of neutrophilia, then a dip, and second peak of PMN's before neutropenia recurs (22) . Eosinophils and monocytes are increased during the neutropenic period. In this dog, the eosinophil fluctuations are not so striking as in some other grey collies, but the timing of the increase in eosinophils has been the same in all of these dogs. At the time of the peak of blood monocytes, myelocytes, metamyelocytes, and band PMN are also seen in the peripheral blood. The monocytes generally are morphologically distinguishable from the PMN precursors by light microscopy, and the presence of both types of cells has been confirmed by electron microscopy.' The reticulocyte count is also regularly increased in the grey collies during the neutropenic phase. Between the reticulocyte peaks, the reticulocyte count falls to nearly zero. Cyclic fluctuations in the RBC count and hematocrit (not shown) also occur with the increase in these values occurring immediately subsequent to the reticulocytosis. The platelet count also shows striking cyclic variation. The nadir of the platelet count occurs when the neutrophil count is normal, but soon the platelets begin to rise, the rise continuing until early in the neutropenic period; thereafter, platelets fall for a 3 or 4 day period during which the PMN are increasing. The blood cell counts of the normal collies show no such regular variation as is seen in the series of counts from the grey collie illustrated in Figs. 1 and 2 .
To compare more precisely the periodicity in the grey and normal collie blood counts, the Schuster periodogram 6 Scott, R. E., D. C. Dale, and A. Rosenthal. In preparation.
was calculated for each blood element for the four dogs; the periodograms for one grey and one normal are shown in Fig. 3 . For all blood elements, the'grey collie shows sharp peaks corresponding to an average period length of 11.35 days. There are also peaks for the grey collie counts corresponding to periods of 5.5 days particularly noticeable for PMN and eosinophils and 44 days for eosinophils and platelets. The normal collie shows no such large peak for any cell type. Table I shows the estimated dominant period length for the grey and normal collies for each element. For the grey collies, the largest peak values were significant (P < 0.05) for all cell types except reticulocytes in one dog where the period of observation was very short.
For the normal collies, significant peaks could be identified for reticulocytes in one dog and for eosinophils and reticulocytes in the other. These periodicities can be regarded, however, as spurious as discussed below. For the normal dogs the largest peaks for the various elements also showed very little tendency to coincide, which is in contrast to the almost complete coincidence found in the grey collies. Fourier analysis, based on the common period length for the regular oscillations in the grey collie blood counts, was used to estimate the coefficients of the trigonometric regression functions which were then subtracted from the log counts in order to remove the effect of the regular oscillatory process from the over-all variability. Not all of the day-to-day variation was explained by the oscillatory process as is illustrated for PMN of one dog in Fig. 4 . The area between the fitted trigonometric function curve and the observed values represents the variability not explained by the regular oscillatory process.
Since we failed to observe consistent cyclic variation in most of the blood elements of the normal dogs and since a substantial portion of the variation in the grey collie counts could not be attributed to the oscillatory process, the data were examined to determine whether an autoregressive process could explain the day-to-day variation of the blood cell counts. The simplest process of this type is a first-order autoregression; that is, a series of observations, each of which depends on the last preceding observation and no others. The strength of the dependence in question is measured by the serial correlation coefficient (p); accordingly, this parameter was estimated from each set of smoothed data for the normal collies and from the smoothed data with the oscillatory component removed for the grey collies. In Table II number of each cell were due to some intrinsic rhythm of line) fitted to serial production characteristic for each cell type, then from band counts (dashed what is known of the differences in the production times of PMN, RBC, and platelets (23) (24) (25) , it would seem quite unlikely that the cyclic fluctuations of the various rences between the cells would remain synchronous over long periods of time.
iis impression needs
The possibility that cyclic neutropenia is a result of more data.
the failure of the damping effect of the marrow reserve ,to be an adequate (4-6) also seems unlikely. First, these data indicate that the fact that good-normal collie PMN counts follow a pattern consistent to show significant with a first-order autoregression as would be expected rmal collie 16 (P = if a linear negative feedback control of the blood PMN not unexpected in count operated through the rapid release of cells from nificance that have the marrow reserve. The PMN of the grey collies have process one would the same pattern of variation if the effect of the regular back system which oscillatory process, which is probably due to the periodic e various elements fluctuation in PMN production (22) Although it is conceivable that the cyclic variation in ent cyclic variation the cell counts might represent a nonspecific interrelaThe striking differ-tionship, for example, repeated neutropenia leading to of blood cell fluctu-infection and secondarily repeated suppression of erythlies clearly distin-ropoiesis; the consistency over many cycles in the tim- The most reasonable explanation for the periodic fluctuations in the various hematopoietic elements of the grey collie is that production of all blood elements fails periodically at an early stage in the development of these cells. Thus, if all hematopoietic cell production were transiently "turned off" at the stem-cell level at about the time of the peak of neutrophilia and if marrow proliferation of these cells were "turned on" a day or so later; then the sequence of a rising platelet count, reticulocyte count, monocyte count, and the PMN count would be seen. Evidence favoring this intermittent failure of production has been previously presented for PMN (22) . Periodic fluctuations in the relative number of marrow RBC precursors (22) and in the tritiated thymidine labeling of erythroid precursors has also been observed (26) . The marrow histologic examinations indicate that the erythroid and myeloid proliferations occur concomitantly and suggest that the reticulocytosis precedes the neutrophilia due to the difference in the maturation times for these elements. The present inadequacy of our understanding of the regulation of hematopoiesis and particularly the factors governing stem-cell proliferation, however, make this hypothesis only tentative. Certainly other possibilities, such as a competition for a limited number of stem cells to differentiate along the myeloid, erythroid, or megakaryocytic lines (27) and the possibility that the marrow environment is in some ways inadequate to maintain steady cell production, should be considered (28) . Nevertheless, these observations suggest that the defect in these dogs either results from an abnormality of their pluripotential stem cells' capacity to be triggered into commitment and differentiation or is a consequence of some factor regularly interfering with the proliferation of the hematopoietic precursor cells. An inhibitory hormone for hematopoiesis or "chalone" has previously been proposed and measured (29, 30) , and it is intriguing to speculate that an intermittent excess of this factor is the cause for the cyclic marrow failure.
The serial blood cell counts of the two normal collies with unperturbed hematopoiesis showed little evidence that hematopoiesis is normally periodic. The fact that, except for neutrophils in one dog, the serial counts of the normal dogs are consistent with a first-order autoregressive process indicates that the periodicities suggested by the Schuster per.iodogram for the normal dogs are spurious since an essential property of the first-order autoregression is the lack of periodicity (31) . This deficiency of the periodogram, that is, its capacity to indicate spurious periodicities has not been generally recognized in studies of this kind. These data on normal dogs thus indicate that canine blood elements are closely regulated.
Studies of cyclic neutropenia in man have generally reported cyclic variation only in PMN and monocytes (10, 11) . Although a few patients have also had cyclic fluctuation in platelet counts (32) , insufficient information is presently available to decide if cyclic neutropenia in man is due to as generalized a defect as suggested for grey collies dogs.
